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1.0 INTRODUO PION

During the past several years the development of HF (DF) lasers

has progressed to the point where this technology may now be d i r ect e d

towards po in t i ng  and t rack in~~, optical  radar , opt ical  communication

and general surveil lance appl icat ions . However the implementation

of these aDplica t ions  must await the development of stable , low

powe r HF ( DF) laser sources which could be used as master  and local

osci l lators  In conjunct ion  with the already exis t ing power amplifiers .

CW chemical HF lasers employ a flowing gas mix to . provide vibra-

tional ac t iva t ion  of HF via an exothermic chemical reaction between

hydrogen and fluoride. Fresh reactants are continuously su~plied and

the spent gases are exhausted. These systems are not onl bulky but

the need for safe removal of the poisonous exhaust i~~ its their

apDltcations (References 1 and 2).

This program was aimed towards the development  of a pure ly

electrical , compact HF waveguide laser which could in princirle be

operated with a sealed vessel containing HF diluted in a buffer gas .

Smaller size and weight, elimination of poisonous exhausts and greater

potential frequency and amplitude stability are the attractive features

of such a device. The small plasma volume limits the expected avera~ e

output power to a low value but permits repetitively pulsed excitation

up to ~~~~~~~~~~~~~~~~~~~~ pps .

Chemical HF lasers presently cannot be pulsed efficiently at

such extreme repetition rates. While the HF waveguide laser is

ideally suited for this mode of operation , its output could be

boosted to a desired higher level by conventional CW chemical laser

1.
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am n i lf ier s . Such a combination represents an attractive source

f or  opt ical  pu l se - radar  applicat ions .

If ~w laser action can be achieved , the application of this
device as a local oscillator in a coherent  receiver  would offer

distinct advaritaoes over the chemical lasers in size, ease of

handling and stability.

The feasibility of purely electrical HF and DF lasers has

been previously demonstrated for pulsed excitation using an electron-

beam stabilized , transverse discharge in a relatively large active

volume (5 cm x 5 cm x 50 cm) (References 3 and 4).

It was recognized that such a system could be operated at

high pulse rates and even continuously if the active volume was

scaled down transversely to a channel of millimeter diameter or

less.

2.0 LASER IN7SRSION i~-~~~HANI SM

2.1 He/HF DISCHARGRS

To obtain a high rate of excitation collisions one would

like the density of both collision partners, electrons an d HF

molecules , to be as high as possible. But at higher HF concen-

tration s, self-quenching collisions will increase reducing the

net pumping rate. There is thus an optimum HF nressure (a few

torr) for which the attainable relative populat ion dens i ty  in the

first vibrational le~rel is largest. But a discharge in such a

rarefied gas will not yield the required electron densities of

1012_l013 cm 3 and a buffer gas of higher partial pressure must

be added to support a discharge of high current density (Refer-

ence 3).  During this program helium was used as buffer rias at

pressures varying between 150 and 500 torr.

2. 
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When diat mir molecules are excited to their first vibra-

ttonial stat-~°. v = 1. by colitsions with the free plasma electrons ,

h i gh e r v~ b r a t io na l  mo d es  are act i v at e d  throu~2ds energy t r an s f e r in

collisions between those excited mrleeules. This process , crucial

to the fun ‘tionino of CO lasers , is called “ ladder climoiri~
” , arid

oenierates a non- doltzmanni vibrational population distribut oni whi ih

may create total level inversion among nei~Thhoring v-states (Re f-

erenoes 5 and 6) .  However, for the short discharEe pulses investi-

gated here , ladder climbmno does not procerly develop and only ex-

citation of the first v±brational state HF(1) need be considered.

In this case, level inversion can only be partial; I.e., for

se lec ted  ro ta t ional  quantum numbers . This kind of inversion is

due to a large difference between the rotational and the vibra-

t ional  tempera tures  which  develop in a He/HF discharge where the

vibra t ional  and ro ta t ional  modes of HF are exc i ted  by collisions

with the free electrons and relaxation occurs in collisions wLth

other molecules. The reason for this phenomenon is the lam e

difference in the relaxation rates for the rotational and vibra-

tional states (Reference 7).

It can be shown (Appendix A ) that the condition for laser

gain is given by

2JB we
(1)

J = rotational quantum number

B = rotational energy constants of HF 20.9 cm~~

W
e 

= vibrational enem y constant of HF Ul~8.5 em
’ 
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= rotational temoerature for the v = 0 an~d v = 1r level syr tom

T = vibrational temperature associated with the pocu-v lat ion ra t io  of the v = 1 and v = 0 states

Total popu la tion  invers ion  corresponds  to a ne -a t i , ro value fo r  T

whi ch obviously  fu l f i l l s  condi t ion ( 1) .

The choice of He as buffer gas was in tart based on its

a b il i ty  to prov ide  rapid  cooling of the coll i s ionat  m o t i o n  of HF

and transfer the thermal energy to the walls of the discharce

vessel. The rotational temperature is approximately equal to

th~ kinetic gas temp erature (~~~3OO °K)  while the vibrational temr-

erature takes on a value somewhere between the cas temo e~ ature and

the electron temp erature .

2 . 2  He/H2/HF DISCHA R GES

The addition of hydrogen to the He/HF mix provides a second

e x c i t a t i o n  mechan i sm fo r  the H F ( l )  st a t e .  Here , v i b r a t i on a l  en e roy

is t r a n s f e r r e d  from the e lec t ron-co l l i s ion-exc i ted  H2 to the HF

molecules and the H2 acts as an intermediate energy storarie medium.

While the partial pressure of HF cannot be increased be— :cn i

a few torr because of self-quenching, the pressure of H2 can be

increased to higher values to optimize the transfer of primary

ene rgy from the free plasma electrons to the molecular vibrations

of interest. Self-quenchini ri of H
2 

is neglig ible and the seconid ar

ener .-y transfer via the following collision reaction .

k~H2(l) + HF (O) ~~~ H2 ( O )  + H F ( l ) .  (2~

k

is ver:r e f f i c i e n t  s ince react ion (2~ dominates  all other cnrrr’etinri

depopulation mechanism for H2(l) within some limits of H,~ nartia~

pressure (Reference 8”,.

~4 .
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It can be shown (Ao~ en dt x  B) that the popula t ion ra t ios

of’ ex c i t e d  to r i ro u nd  s ta te  levels for  H2 and HF are riven h~i

N1 
— ~i e~~ ~~- 

~~ k -
~~ (3)

O ‘O~~~ LO

k

T = k i n e t i c  gas t emp e ra ture

population densities for HF(l), HF(O), resoecrively

M1.M0 
= popula t ion  densities for H2(l), H2(O), respectively

= d i f f e r en c e  in v ib ra t iona l  enem y constant  be tw een
hyd ron en  and hydro r en  f luo r ide  200 cm~~ hc

= reac t ion  rate for transfer process = 1. 7 1O 4 sec~~
torr~~ (Reference 9)

= seif-quenchina rate for HF (l) = 6 lO~ (Reference 10)

Insoect~ ng equation (3) one notes that the term k1H0/ k M
0

should be as small as possible  for  e f f i c i e n t  exc i t a t ion  t r a n s f e r .

The co n c e n t r a t i o n  of H2 should the re fo re  be several t ime s la rger

than that of HF. As an example , if = 10 N0 it follows fromN1 M1
equation (3) that -~~~— ~ 2 and therefore the degree of excitation

0
for HF is twice that for the activating gas .

3.0 LASER DEVICE

3.1 SELF-SUSTAINED DISCHARGE UNIT

The HF waveguide laser employs a transverse discharge reometr’.-

where the electrode surfaces are spaced by 1 mm forsitrig two ooposir ir

walls of a rectangular  channel while the other  two walls are filled

in by the edges of 1 mm thick sapphire spacers as lllustrate d in

Figure 1. A pulsed glow dtscharr~-i is s t r uck  t r a n sv e r s e ly  to the

channel wh~ le optical propagat~ on p r o c e e d s  along th’ channel axis.

_ _ _ _ _ _ _ _ _ _  - - - 



CATHODE BLOCK

SAPP~~RE

TUNGSTEN-COPPER ELECTROD E STRIPS
~~~~~~~~~~~~~~~ CEMENTED INTO SAPPHIRE BASE

ENCLOSU RE

BASE

Figure 1. Self -Sustained Dischar ge Unit~ Exploded View.
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Such a device was originally developed for pulsed CO lasers
2

operating at atmospheric gas pressures (Reference 11). The main

reason for its application to the HF/He d ischarge  is the ability

to conduct the high thermal energy of the discharge plasma rapidly

to the vessel enclosure because of the capillary geometry. Such a

transversely excited HF waveguide unit can be operated at very hich

pulse repetition rates whereas a larger volume system requires a

considerably longer recovery period between pulses to allow the

gas to cool to ambient temperatures (References 3 and ~). A further

advantage of a transversely excited capillary discharge is the

ability to generate a uniform glow discharge and suppress the form-

at ion of arcs  even at re la t ively  high gas pressures and current

dens i t ies . (Although the HF waveguide laser was designed for

sealed off operation, a gas flow was mainta ined during these  ex-

p e r i m e n t s  for good turbulent  mixing in the plasma to prevent  any

local temperature bui ld-up , which could serve as a s t a r t i no  po in t

for an arc.) In addition , narrow gap discharges require much lower

drive voltages than longitudinal ones. Finally, the required ‘zol-

ume f low rate  is small easing the problem of handl ing toxic  gases

such as HF in a laboratory, and reducing the cost for expensive

gases such as DF or D2.

Since the cap illary channel is too narrow to clear a free

space Gaussian wave, this liability can be converted into an asset

by us ing polished surfaces such that the channel —cts as an optical

waveruide f~ r the oropagated laser beam. Such a combination of

wave ulde -and capillary dischari’e pr~nciples is a well develoned

7.
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techniqu e and has led to remarkable success in extending the fre-

quenc vr tunino range and reducing the size of several laser species

(Re ferences 12 and 13).

The d i sch a m re  channel assembly as shown in Figure 1 rests

on a copoer  base an d  is enclosed b a t e f lon  shel l .  An alum in um

block slides into the shell such that its bottom surface contacts

the sapphire spacers closing off the channel. Brewster-angled

sapphire windows sealed to the teflon shell provide passare for

the laser beam . The anode is broken up into an array of 50 metal-

lic strips embedded into a sapphire plate. Individual discharges

are forme d between each anode element and the foil in TEA laser

fashion .

A schemat ic  diagram of the e lec t r ica l  c i r c u i t ry  for  the

single pulse discharges is shown in Figure 2. The 50 capaci tors

C. are charred through the individual resistors F. from a common
1 1

supply which is also connected to the cathode.  Upon t r igge r  c omman d .

a thvratron provides a low impedance path to ground causing, the

capacitor voltage to appear across the 50 discharge gaps.

A photograph of’ the laser head is presented in Firure 3.

The leads connecting the discharge capacitors to the anode strips

are visible as are the charge resistors which are also connected

to the anode strips. The gas input and output lines and the cool-

ing water lines are also shown . The thyratron is vis ~.ble in the

background and the two laser reflector assemblies are seen on either

side of the discharge unit .

j - 
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Figure 2. Self -Sustained Discha rge Unit with Electrical Circuit.
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The laser gases are released from pressurized containers

and accurately metered into a mixing manifold from which they

enter the discharge volume . A mechanical vacuum pump then re-

moves the gases from the laser system. The research grade gases

were obtained from Mathieson Co. Hydrogen fluoride was purchased

in a small lecture bottle which was chilled to about 10°C, well

below the boiling point of HF. The overall experimental setup is

shown in Figure ~~~. The pumps and the gas handling apparatus are

in the foreground and the laser head is on the right side of the

optical table next to the discharge circuitry . Not shown is the

fluorescence measurement equipment which was located on the optical

bench during measurements.

3.2 ELECTRON- GUN AUGMENTED DISCHARGE UNIT

The previously reported HF discharge lasers employed elec-

tron-beam-stabilized discharges (References 3 and ~4-) and were a

good deal more complex than the ordinary discharge apparatus

because of the electron gun. The advantage of this device is

that the injected electron beam provides the necessary ionization

to replenish the charge carriers lost by recombination. The drift

field can be very small under those circumstances , which is more

favorable to the excitation of vibrational modes in HF.

In self-sustained discharges on the other hand , the task

of charge replenishment rests with the discharge electrons them-

selves. Here the drift field must be much hirher to yield a cer-

tain number of energetic electrons capable of’ ioni:inr the ras

molecules. Therefore, the field necessary to strike a dtscharre

- 
11.
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is much larger than the field which optimizes vibrational excita-

tion , and the gas heating is accordingly large. Consequently,

there is a danger that a OW-glow discharge may degenerate into

an arc . The arcing is not necessarily a problem for pulsed dis-

charges as our experimental observations have demonstrated (Sec-

tion 4).

For the larger part of the contract period , the effort was

concentrated on developing an electron-gun-augmented discharge u n it .

In order to integrate an electron-gun with the transverse

discharge vessel one of the metallic channel walls was constructed

from a thin titanium foil serving as the septum between the gas-

filled discharge channel and the evacuated electron-gun. The gun

consisted of a heated linear filament strung out parallel to the

channel. The emitted electrons were accelerated towards the

titanium foil, penetrated the foil and then entered the discharge

plasma , where they ionized the gas and thus replenished the charge

carriers lost to diffusion and recombination. In addition to the

E-heam , an electrical dc-potential was applied across the 1 mm

channel gap to sustain the discharge : i .e., conduct the secondary

electrodes through the gas .

Because of the narrow channel dimensions , the mechanical

stress on the foil was very small permittino the use of 0.0001

titanium foil. The advantage of using such a thin foil is that

it takes only a relatively low E-gun voltage (-...‘50 keV) to obtain

an electron transmission of > 80 percent (see Appendix C).

L ~~ 
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Howev er, it was found during the course of these experi-

ments that extremely thin titanium foils are porous to the he l ium

gas p resen t  in the channel.  Consequent ly ,  the electron-gun vacuum

was poor despite continuous pumping. As a result, arcs developed

which punctured the titanium foil. At a foil thickness of 0.0OO~~
’

the helium diffusion was insignificant and the E-gun could be

operated up to a potential of 50 kV, above which corona effects

became excessive . At 50 kV incident energy, however, few electrons

penetrated the 0.0003’ foil, such that their effect on the discharge

was minimum . What is needed is an electron-gun voltage of twice the

above potential which mandates the redesign of the gun for suppres-

sion of corona effects .

A photograph of the laser head is presented in Figure 5.
The view shows the electron-gun glass envelope and the white Al2

0.~

insultating block which encloses the filament . The filament feed-

throughs are visible as they enter an opening in the Al2
0
3 
block .

The filament itself is near the bottom of the insulating block

which rests -in a stainless steel plate. The entire electron-gun

assembly slides into the teflon shell replacing the aluminum block

shown in Figure 3. An exploded view of the entire system is r iven

in Figure 6.

Because of the inadequate performance of the ele c 4 r c in -gun ,

the later laser excitation experiments were conducted with the self-

sustained discharge unit shown in Figure 3 empln;-i~ ~u 1sed excY.a-

t ion .

1;,
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ASSEMBLY PROCEDURE: -

• EPOXY Ti FOIL (5) TO ALUM NA SLAB (4)
I EPOXY ALUMINA SLAB (4) TO STEEL FRAME (3)

- 
~~— $  - . INSERT ALUMINA (12) INSULATOR INTO ASSY .

I ~~~~~ I PYREX DOME ATTACHE D TO (3)
10 PARTS 2 ARE ATTACHED TO BASE. “O” -RING

SEAL BETWEEN ~2) AND (3) UPON ASSEMBLY.
/ .

~
- - ._J 

~~~
---

~
‘ CHANNEL BETWEEN SAPPHIRE SPACERS LINES/ 1I~~ $~ .- -

~~~~ UP WITH SLOT IN ALUMINA SLAB (4) AND
- FILAMENT (11).

PYREX DOME ALUMINA
INSULATOR
12z

z STEEL
~~~~~~~~~~~~~~~~~~~~~~~~~~~ RAME

CONDUCTIVE -

FOIL

ALUMINA

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

— 

O.0003 ’
5 TITANIUM FOIL

SAPPHIRE

~~~~~~~~~~~~~~~ 

SPACERS I

TUNGSTEN-COPPER ELECTROD E STRIPS
— 

~~~~~~- . CEMENTED INTO SAPPHIRE BASE

ENCLOSURE

I BASE

Figure 6~ Discharge Vessel -Exploded View.
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EXP~~?F1RNFAL RESULTS

He / yF C T TU ~T C  ?U~ SE DISC HARG ES

All ~O cap a.c L tor s , ~~~~ the transversel-c excited HF ~rave-

guide laser we re charred th rough  individual resistors, F., ±~rom a

com mon sucolv whi :h  was also connected  to the foil  throu ch a choke

serv inr  to s t a b i l i z e  the -discharr e . Upon a t r igr e r  con -jrand , a hcdrc-

gen thyra t ron  provided a conduct ion path to ground  causing the

capaci tor  vol tage to appear across the ‘d ischarge  gac (see  Fi gure

2). The discharge was operated at pulse rates between 1 to 100 nos

and the app lied voltage was varied from a thr~- :h o l d  value of 0 .5  to

a maximum value of 3.0 kV. At the h igh er  n ot e ct i a l s  the ran a r ray

was substantially over-volted such that ran d b r e akd o~~ occu r red

upon thyra t ron  igni t ion.  The part ial  p ressure  of HF and He were

varied be tween  1 to 10 tor r , and 150 to 500 to r r , r e sn ec t i v e ly .

Conventionally, the f i r s t  step in the s tudy of laser excita-

tion involves the observation of fluorescence emitted h r  the ac t ive

medium.  At the threshold of level inversion the fluorescence ex-

hibits a nonlinear  increase in i n t e n sit y  and a nar rowin c  of its

spectrum . But even below that threshold the intensity of the f lou r-

escent radiat ion gives a good ind ica t ion  of the relat ive populat ion

d e n sit i e s  in the u p p e r  and lowe r laser levels .

A portion of the radiation which emerged from the a c t i v e

medium (discharre plasma ) was focused onto a cooled InCh photo-

detector. A narrow interference filter was placed in rr oc t  of

the photodetector to separate the hR t luorescence from the br oa d-

band infrared b a c k g r o u nd  emitted by the plasma .

______  _________________________ 
_______  
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An. oscill o- raph trace of the photodetector outputs vs t ime

is shown in Rirure ~-A for the case or ’ a ‘cure FIe-d itcharre at 2’~5

torr. The unexr- -octed occvrrence of infrared fluore :-cerice radiation

f rom a~ he- _ s ~~~ ~ a~ a~~f l i  at flrS cor:~ e~~~ ~~~~

lowes t  ex c i t a ti o n  o o te nt i a l  for  He is l9 .i~ 7. But i t  was subse-

~n en c 1 i  d i scove red t h a t  t h i s  r a d i a t ion  is a s soc i a t ed  wi th  res ~dral

water -:aoor , a contamination com ino f r o m  the HF b o t t l e .  The o h c t — -

d e t e c t o r  ou t ou t  for  a He/HF m i x t u r e  is or e s en t e d  in Cirure ~
‘-

Here , the discharre current is less than one half the  heliu .s. dis-

charre current even thouoh the apolied vol ta -g e was the same in coth

e a s e s .  As a resu l t  of this dron in d i s c h a rr e  c u r r e n t  ( see  A n n e n d i x

D) the water vauor emi s s ion  was sharp ly  reduced .  On the sca le  of

Fi ure  ~-3 the ceak of the wate r  vap or background f l u or e s c e n~ e

cor rescond s  to a relat’~ ye i nt e n s i ty  of less than  B ni1. ne ob-oto-

d e tec to r  pu lse  shown in F irure  7-B t h e r e f o r e  is m a in ly  due to the

HF f l uo re scence .  This is conf i rmed  by the slowe r pulse  decay  - when

compa red to Figure 7-A because of the r e l a t i ve ly  long r a d i a t i r n  t ime

constant  of H F ( l ) .  The measure d decay t ime of 3 .2 psec  f o r  H F ( l~ is

i -n reasonable agreement with published rate constants (Reference lC~~.

The amplitude of the fluorescence pulse in Figure 7-3 is

proportional to the instantaneous number of excited HF molecules.

Calcula t ions  (see  Apn en-d ix  E) i ndica ted  tha t  the peak value of 2~ xv
for the pulse displayed in F igure  -3  c o r r e s p o n d s  to a re la t ive

population of N1/N0 = 0 . 15 which is equ ivalent to a ~r ’b r~ t iona1

temoe rature nf ~ l ~O°-r (see equation A- 5 in Append ix A~ . H-ten for

18.
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small C1/N0 values there are P-branch transitions with optical

gain aceording to equation (1). But their J-numbers are the

hirher the lower the vibrational temperature according to

equat ion (1) and the ro ta t iona l  popula t ion  d is t r i b u t i o n  dec reases

rap id ly  wi th J-numser  (see App endix  A ) as

N = N1 ~~~ 
(2J+1) e kT B J (J+1 ) ( 4 )

where : h = Planck ’ s constant

= velocity of light

k = Boltzmann ’ s constant

As a consequence , the gain for h irh J-number transitions is

extremely small an~ its effect is negated by the scattering loss.

To calculate  the gain f ac to r  associa ted  with the increased

ratio the rotational temp erature must be known . Fhe n e a r l y

ins tan taneous  equilibrium of the rotational motion of HF with the

kinetic motion of’ the buffer gas ,iustifies the assumption p r
300°K (see Appendix A).

The formula for the exponential gain factor (derived in

Appendix A ) is given by

= 

r 
B (2J÷l) [N1 e 

BJ (J- l) -N0 e 
~~~ BJ(J+l)} :~~~~v (f l

where : = optical wavelength

A Rics t e!i c o e f t ~~c i o n c  fo r  H F ( l~ = lO~ sec~~ (%ef. 1~

Av = L i n e ’r i d t h  ~- , -O ~~~ (Ref .  z~)

It ~-a-~ be shown that for ~ torr partial HF pressure . ~r ~~~~~~ 
a I

T ‘l O°K the Pax~ m1cs - tam (attained on P (l0~~ is cr1 -c -

v 1 -

0.000 ~/ r n  w h i ch is ‘e r-ta~ ni - marko -h by scat t r - r ¶n ~ losses. 
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However , it is very e n c ou r a r i n r  tha t  the ain  rr ows rap ij l :-

wi th  f u r t h e r  increases  in vibrational temperature . For instance ,

a t f’v = 4950°K (N 1/N0 = 0.~~) the invers ion peak is s hi f t e d  to

with an exponential rain factor of 0.14 cm. The one-va:

ra in along the 8 cm plasma length would exceed 300 nercent. ~~e

increase in discharge current necessary to hrinr the n on u l a tU - n

ratio from its present level of :11 . 0 = 0.15 to a value 0.30 is

more than double its c resen t  value s i n c e  a d d i t i o n a l  r e laxa tion

reactions will become effective .

The peak current densities measured for the tresent dc-si-c e

under the specified operatin: c o n d i t i on s  was 0 .5  a/os { o - o r r e s v o n ~~U~-

to an electron density of~~ 1 x 10U om~~ (see  Annenlix D~~.

What l imi t s  the cu r r en t  d e n s i ty  in the r r e s en t  d e v i c e  is the

loss of el ec t ron  ene r -~ -
- hr inelas i: collision -h th th- - ~ F mo le cu l e s ,

electron attachment to HF a i d  the  el-c ‘ c ron  esi :s  ion me chan~ sm at  she

c a t h o d e  surface. The charoc v o l t a e ar:1L tnr u-~hcr t th~ se exoeri_

meet s  was or t im iz e d  near 2000 V. fnl; a fn-~ 
- ‘ on of’ ‘r a

appears across the ran , the difference c•s -me in r~ n ‘ti-se ci

cuit elements. F\irther in:reases in ran volta -c di~ not lea~ to an

increase  it: f l uo rescence  in ten s  t n - , p r obahl : :  be c a l :r , c  the h i he r  dr~

f i e l d  enhance s the num~ e r d e n s i t y  of ener . e t c ~l e c t r - x : s  f or  v h i b~

the n r - ~o r u r 1 L t y  of HF (l) excitation is small.

The bas i~ inefficiency here is that the ele- ‘ t rh ‘ • i  I nec-

essar- ,- to s t r i k e  a glow d isc h ar o e  in the lie - l U ’  s i x t u r e  i s  mu

h i gh e r  than the optimu m f i e l d  for  ei ’ f t c i n r  id b ratir- -i~ “ x c ~ n a~f ’on  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ _ - - ~~~ - -- ~~~~~- - 



of HF. Pre io n i z a t i o n - e x cit a t i o n  scheme s can oe used to over- come

this uroolem (References 15 and 16). Workinr with a transversely

excited CO 0 wa-jeguide laser similar in construction to the here

discussed discharge vessel , Wood , et al (Reference 17) have

developed a technique whereby a hirh degree of oreionization

is achieve d through the application of a 20-rrsec duration high-

voltage pulse followed by a second nulse providing low-voltage dc

of opposite p o la r i ty .  The hirh degree of ionization was achieved

by a combination of secondary emission from the oxidized cathode

(Malter effect, Reference 18) and electron multiplication due to

the high electric field. Unfortunately there was not sufficient

time under this program to implement this modification .

4. 2 He/H2/HF DOUBLE PULSE DISCHARGES

In an attempt to increase the HF excitation rate by exploit-

m o  the vibrat ional  exc i t a t i on  t r a n s f e r  f rom H2 to HF , dou ble-nulse

discharges were generated for a gas mixture of He, H2 an d HF , the

two pulses being separated by several ~tsec. A discharge circu it

schematic is shown in Figure 8-B and the monitored cathode noten-

tial as a function of time is represented by an oscilloc-raph trace

(Firure 8-A). The cathode potential was measured relative to gi- mond.

The firs t nulse is renerated when the 0.02 ~if capa c i t o r  on she pnin .ar,-

side  of th e t rans forme r is d ischarged  through the th -;ratron . After

this initial pulse the cathode potential drons steadily towards more

n e g a t i v e  v a lu e s  u n t i l  the vo lt a re  across  the d i s c h ar e ran .s roaches

a breakdown value and the second dischar -e pulse is fo rme d . 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~





~~is exp er iment  y i e lded  a oars icu l - -i r l - ,’ i l lu st r a t iv e  den e~-

s t ra t t on  or ’ the H2 to  HF e x c i t a t i on  t r a n s f e r n ;r oces s  as shown in

- 
- a series or ’ osc i l loscope traces d iso layec l  in F ir u r e  9. These traces

r en r e s e n t  rho sodetec to r  outputs  as a f u n c t i o n  of t ime . Trace A is

fo r  a d i scha r ge  in 283 tor r  He. The o sserved  i n f r a r e d  f luorescence

is th e acove c i ted  water  vapor emission  center-d at ~ 2.0 ~~

Trace  B shows that  the water  vapor emiss ion  is reduced  to the

receive r  noise level when 1.5 percent  H
2 

is added to the hel ium .

The reason for  this  is a reduct ion in d i soha rr e  cur ren ts  due to

the loss mechanisms d iscussed  in Appendix D.

When 1.4 percent  HF is added to the mixture , the occur rence

of its characteristic fluorescence (trace C) can be ooser i-ed . On

th is  scale the water  vapor emission ba-ckrround is less than 2 mV.

The sequence  of traces D, B and F illus t ra tes  the H2 to HF excita-

t i on  t rans fe r .  In all three cases the par t ia l  p ressu res  for  He and

HF are 283 and 10 tor r , r e sn e c t i v e ly .  The pa r t i a l  nr e s s u r e  of H~ is

varied from zero (t race 0) to 5 torr , ( t r a c e  E~ and l~ tor r, (trace

F ) .  ilote , how the peak ampli tude of the second nu l se  -increases

re la t ive  to tha t of the f i r s t wi th  i nc reasing  H,, c o n c e n t r a ti o n .

This phenomenon is interpreted as delayed H2 to HF exc i tation

transfer. The transfer which occurs with a reaction time constant

lower tha’~ the width of the firs t pulse is not fu l ly effective

du r i n o  the f i r s t  pulse. In fact the hr:i - ht of the r~ rs t rulse

decreases wi th H2 
concentration , a- a .n recause -~f’ t he r’ami liar re -ju~-

tion in discharge current as d~ scusse-1 in Aprend x . On ‘h  secon  I

ci: lse however , the H,. ta Hi~ cxc ‘ at I vi  t r-ans  i’c r ~ vr’c s e :5’ t I ye 

2t .
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yielling a relative increase in p u lse h e i gh t  wi th  H2 c o n c e n t r a t i on .

Phe ratio of the second to the first pulse goes from ~/l0 for no H2

to 9/8 at 5 torr H2 and 10/5 at 17 torr H2. To a first approximation

one may conclude that for the last case (trace F), the rumoino rate

via H2 to HF transfer is at least twice that of direct electron

collisional HF excitation . In absolute numbers the improvement in

HF’ excitation is only hr a factor 10/7. While the H2 increases the

HF excitation rate , it also lowers the discharge current by the

previously cited loss mechanism. As a consequence , the observed

HF fluorescence intensity indicates that the He/H2/HF -discharge

did not provide a hirher vibrational temperature than was obtained

for the He, HF discharge . But it is worth noting that a relativel--

high HF concentration could be tolerated. This offers the possi-

bility of higher saturation densities and wider spectra l bandwi dth

for the active transition~ i.e., more potential laser cow e r  and

tunability.

5.0 SU iTMA HY

The aim of this program was to investigate the feasibility

of purely electrical HF lasers where HF molecules , heavily diluted

in a buffer gas of near atmospheric oressures , are vibrationally

excited by collisions with free electrons in a discharre plasma

confined to a rectangular capillary of 1 x 1 mm cross-section and

8 cm length .

There are substantial difficulties in g e n e r at l n  the requ i red

electron densities of more than iol2 cm ’
~ in the ~-as mixture of’

interest while simultaneously maintaining a low ras temp erature .

Electron attachment to IF t e n d ed  to r e d uce  the p l a s m a  conductivity .

2 .
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A h i - -h d i s c h ar g e  f ie ld  mus t  t h e r e f o r e  be applied , much larrer than

the oct imum f ie ld  for  e f f i c i e n t  vt or a t io n al  e x c i t a t i on  of HF. Con-

sequentl:-r , there is excess -;as heating which may frustrate the las-

ins- mechanism. To overcome this proolem two scecial excitation

methods were investigated :

• ~ ilsed discharges , where the thermal energy for one

pulse is too small to increase the gas temperature

s irn i f ic a n t l y ,  and

o Electron beam augmenta tion , whe re the charge ca r r i e r s

are produced by i ni e c t e d  h igh  energy e lec t rons , and

the secondary  e lec t rons  are dr iven  by a small  f i e ld

a d f ’u s t e d  for  opt imum v ib ra t iona l  exc i ta t ion .

The or~nc~ ple of partial inversion makes use of the d i f f e r -

ence in relaxation rates for HF rotational and vibrational motion

which resul ts  in a hi~ h vibrat ional  and a low ro ta t iona l  temoer a ture

and y ie lds  popula t ion  invers ion  fo r  ce r t a in  P- t r ans i t i on s .

Hy acol v i ng  ~~l p sec e l ec t r i ca l  pulses to a gas mix ture  of

5 to r r  HF and 275 Torr He , peak e lec t ron  dens i t ies  of ~~ 1 x lOl cm

anti v i br a t i o n a l  temp e ra tures  in excess of 3000°K were achieved w h i l e

the rotational temperature was near ambient. These va1u~ s suggest.

that the P1(lO ) transition a i d those of hirher rotational quantum

number were inverted. But the relative ponulation in those levels

is extremely small and the oo th - .-a l  ra in a p p a ren t l y  b l a n k e t e d  by

scattering losses. This result is nev’~rtheless enc m lI ra i~in n that

such a s Lm~1e TE— d ischa~’ge br-vs rh t ~h’~ clasma wi thi ~i reach of a

las ino ~on’i I f ine . 
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~~~~

- -



-- - -

The measurements  in d i c a t e d  tha t  it was the ca thode  em i s s i c - t

wh ich limited the diseharre current . A modification of’ the a r es e n t

device is cu t- es ted , invoivino the Mal ter  e f f e c t  to enhance ca thodic

emission to the level required for laser action .

The major- problem in obtainino. OW onerati’~n is the cons truc-

tion of an ancropriate electron-run and its in t e r r a ti - c a inS-c the

d i scha roe  a p p a r a t u s .  The o r i r ir a l  roal was to l i m i t  the acce lera-

t ion  po ten t i a l  to 50 keV b emplo:rinr a 0.0001 ! thin titanium elec-

t ron -beam-  window. Several electron-runs of’ this desirn were built

and tested but it was found that helium diffused frnm the diseharr- e

vessel  throu ch the foil into the electron-run and that the Scil thick-

ness had to he increased  to O .000F ’ to e l i m in a t e  th i s  orob em . How-

ever , only a few of the i n c ide n t  50 ke7 e lec t ron s  n e n e t r a t e  the t h i c k e r

f o i l .  It is there fore su rs -e s t ed  t ha t  the e l e c t r o n - r u n  be redesirned

for 100 keV or that a plasma cathode be s u b s t i t u t e d  fo r  the the rrs i cmi

one , s ince  the forme r operates in a he l ium - -as and there fore  ma:.- ‘: c ’lc r -

ate a cer ta in  rate of He leakare by the S- run w indo w .

A fu r t h e r  resul t  of’ this  p rog ram was the i em c n s t r -n ’ i on  of a

d e layed H2 to HF exc i ta t ion  t r an s f e r .  S le et  r I - a l  do~d l e — n ~~l:’es of

5 ~isec separation were app l ied  to a HF IL~ He ras n.i x ’ :re. nt- - H

molecules s tored v ib ra t iona l  em er y rained in ~ho firs t n ilr ’~ a - I

released it durinr the second one. This nh~~~cse v ‘c I I  -~~~ 
,wc:-h c . -

to stretch HF laser pulses and may be at’ interes’ f-m i’ }i~-~ ~~ u l i e s .
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AP PHIICIX A

PAS DIAS lN’.rECCI-~C ONI DCCI ON Al-I C SAC SC GAI N

Phe ge n e r a l  exoress ion  for  laser cain is r iven (Pet’. l9~ as:

g — 2 , I
— f ’~i — 

-
~~ 

- - - -
~~~ 

it  !~— ‘~~l,J-l O .J CT ’~ V w

5l i ’ .  ~~~~ = p opula t ion  dens i tie s  for  the upper  (1, 2-1)
and lowe r (0 , 2 )  lase r level , resoe-sti -selv

~~~~~~~~~~ 
r~- = d e r en er ac ie s  f o r  the rescec tive  levels ,

= 2J±l

= laser wave lenr th  = 2.7 - 2.9 am

A = E i n s t e i n  c o e f f i c i en t  for  the laser t r an s i t i o n
= lO~ sec~~~ ( S et ’.  15)

= spe-~-tr’al hal f  w i J :h of the transition = ~~ O -Cd z

(P e t ’ .  ~~
- ‘

~

The con ’ilaticrt -di stri : :cttcv . over the rotational sub—le--sels for the

lower v i b r a t i c - al  s c a r e  1 s . - i ven  (P e :~er e n c e  2O~ by

N0 2  :~ ~~~~~~~~~ (2J+ 1~ e ~~ 
J (J -~1)

A sim ilar term ca n cc .~~~~~~. t e O  for N1 2 1.

= so ’ al  poc u la t  ion d en s i ty  of the v = 0 state

( su n - s t e - I  over  all rotational s’:b— levels )

13 ~- - m t a t i a n a D  etc  r- - :  c on s ta nt -  f o r  HF ’ = ~ O . -t ~n-
_ 1

rr = !-oiat 1 o - ~~
l t e m oe r a t u r e

= rot-a t al -mantum um ner

h , -~ , k — fami Liar  c r it u ra l  sons~~- an t - s

A— 1

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
_ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~~~~~~~~~~~~~~~~~~



Pr rr e c - a t i o n s  ( A — i  ‘ ( A — C ) ,  i t  Sal  lot- s h at

= ~ (2J~ 1~ (N 1 e 
~~~~ J (J-l) - e ~~~ J (J÷l)~ ~

2A f 41’ \ 7 ~~

-~y : a t i o~ (A — i y i el ds  the Sb r-~snc’1 I no. iitio ::

~ ::~ ~~~ 
S

It is cust-smar:-’ to associate the ratio of os cu l a t i o n  d en s i t i e s  Ce-

twcen  two v i b r a t i o n a l  levels ( h er e  v = 1 and  V = 3~ w i t h  a vih- r-o-

tional temperature T
~ 

defined b:,— the Boltoma ct e~ u- tiom

hcr
-0 — 

C
-z e kiD

‘a

where  -~~~~ is Sb - -  v i :  r a t iona l  enerr:: c o n s t a n t .

Us te Ore a b : te  erp: a -~Csri s one mat wi -i te  the threshold condition in

the torn’.

2J (A ~

Let us -cons t lc ; ‘ l i e -~:-v1mnle = 
~~
. T = ~CO °ID . N1+D~ = 1. 101

(
~~ 

t o rr  UF~ . i~~~~~~ : --yU:: :r n u n  is attained for J = 
~
‘
, = 0.15

For ~N on~~’ a t i m n  the  opt i c a l  p L mW ~~~~’ inside the r e sona~~or can

be estimate- ti :‘rom the exr r-ession

( A - I D )

ID = 
}—~~ 

( A — H ~~

opt

A - 

~~~.-- -~~~~—~ ~~~—
-
~~~~ — - -- —~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —-—
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x = w idth ad h e i O r t  of r e c t a n n u i a r  p l a s m a  ch a r n e l ,
=0.1 cm

= l enrth  of olasma -channe l  = S cm

S = s a t u r a t i o n  in t en s i ty

hv = quantum en er r y ~~~7 ~o_ 20

= cross— section for stirrviatec -- : 6cc
= deca:~- ra te  of the upp er  la -c -c : ev-~l ( s o l I D :  l o na l

deactivation~ = 3.8 ic ° sec~~ a -fi’ 117

1/2
The c r o s s - s e c t i o n  fo r  s t imulated emi s s ion , - = 

‘

was used above and is equal to ~~~~~~~ x iO~~~ cm 2. S u b s tit u t i ng

the above values into equations (A-7) and (g- -3) y ields S = 2 -  N

and p . = 2~~O mIT , of rh isO about half can be e x t r a c t e d  f r o m  the c av it : .
1

For pulsed oischar~ es the s tored  op t i ca l  ener - c y is i tem by

Es = hv N1 ~
2 (A-9~

wh e re ~ is a c o e f f i c i e n t  Jefinin: the degree of cross-couolinr

o et - :osen r o t a t i s -n a l  s t a t e s .

F or  the above examole N 1- -~ 3.5 x lO~~ cm~ a ssu m i c - - = 0.1

we f i n d  5~, ~~ 10 ~~~ One of the a-d van ra r es  of a can illary TEA laser

is that ot le nds r t s e l r  to h~ nc repetitron rate operatoor s r ose tn-

time periods for pulse formation are extremely short , ~~ 10 nse- c .

~~ lse rates of’ lC~ - lO~ pit s a p pea r  f e a s i b l e  ( Se f c r e n c e  i lL

A —

— 
-
~~~~~~~~~~ _~~~~~~~~~~~ ‘~~~~_ ‘ - - -—- -- 

— —  -—: ::
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Pulsed  exc i ta~ i o z  leads to a step fun’ction r ise  in ras

temn e r a tu r e  s l i c e  the ro ta t ional  enerr- :  ( a c ti va t ed  by e l e c t ron

collDsDons~ is i n s t a n t a n eo u s ly conver ted into kinetic enera - or ’

the b u f f e r  -as a toms . The r e mn e r a s ur e  r i s e  i - s  r t ’ ren  dv

i N  X - r C
-~~ 0 0 r 

(A- b )
V N ~ ~~ kn e r

= peak discharre current = 0.~ - a

= peak d r i f t  f i e ld  = 5500 V

x = cap w i d t h  = 0.1 cm

a = pulse width = 0.8 asec

C = f r a c t i o n  of d i s c h a r- e  en e rr : coup led into r o t a t i on a l

motion of HF = 0.OC-

V plamsa volume = 0.08 cm 5

= number  of He atoms per cm~ (~~~
bO19 crn~~ at oB ° t orr

nartial pressure )

k = Boltzmann constant

Inse rsinc  these parameters  i n t o  equation (A-b ) yields a temn -~i’ctur o

rise of D~ 0. Ji~~g. For renetitive pu lsdt c ; t he  t e mn e r a tu r e

will rise until an equilibrium is e s t a b l i s hed  by t h e r m -il - c o i - d u -L i on

to the c ac i l l a r s  wal ls .

- , 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ , 



--~~~ - - - - - - - - - ---- -~~~~~~~~~~~~~~~~~~ -- -  ----
-:

~~~~~~

-- 

AP P END IX 13

EXCI FAF1°C DPAN~ IFEC H2 TI’ HF

For discharres in m i x t u r es  of He, H2 and HF gas the excita-

t i on  of HF to i t s  f i r s t  v i b r a t i on al  level occurs  in two way s : by

direct electron impact and indirectly via H
2 to HF exc ita t ion  trans-

fer. The H2 molecules themselves are excited by electron impact.

The transfer reaction

H0(l) ± H F ( 0 )  ~~ H1(0) + H F ( l )  + ~ E (200  cm~~ hs~ (~~-l)

occurs with -different rates in both directions , whereby the f o r w a r d

to backward reaction rates relate as

- +AE/kTk = k  e 
(i3-2~

where T is the kinetic gas temp erature . The p e cu l a t i on  d e n s i ty  in

the H F ( b )  s ta te  is governed  by the fo l lowing  e q u i l i b r ium  ra te

equation :

k~ M
1

N0 = k 
~~ 1 ~ 

k1 N1N0 (5- 
~

- )

= rate  cons t an t  for HF collisional self-as-ench ios

N0, Nj = popu la t ion  -t i ens it i~ s in gr o u n d  ari d first ex cite I
levels of HF , r e sp e c tiv e ly

M0, M1 = popula t ion  -1en~c itv ii ground an—i first excited
level of H2, resde-ctively



~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_

From e q u a t io n s  ( B - b ) ,  ( B - 2 ) ,  and ( B - I ) ,  it fol lows that

N 1 C1 e A S/k T
k (3-- .)

0 0 1+  10

k 10

At room t empe ratu r e  k1 = 6 x ~~~ sec~~ torr~~ (Peference 10) and

k = 1.7 i0~ sec~~ torr~~ (Reference 9 ) .  If the H2 c o n c e n t r a tio n

is ten  t i m e s  tha t  of HF , equation (B- d~ yields the re la t ion

1 2 (3-5)

i.e., the population ratio for the tr = 1 and v = 0 states of HE is

twice that for H2. The relative excitation of H2 itself ,

determ ine- I nv the equilibrium between collisional excitation ani

re laxa t ion  of the H2(1) s t a t e .  

- - - - -  ~~~ - ~~~~-- -  -~~~~~~~ - ‘-- - - -  —4



APPENDI X C

SLiD D T C I D N  TRAN ST-1II3IDi ’~N THP -dU GH AN E- GUN WICDIIJ

Data on electron transmission through thin foils were not

a-callable at the energy ranges  of interest . Therefore, the a v a i l -

able data was scaled and extrapolated as follows . Pros. Fir-crc :-1A

— 
( R e f e r e n c e  2 2 )  one a s c e r t a i n s  that  a 0.0005 ” t i t a n i u m  fo i l  t r a n s mi t :

abou t 87 percent  of the e l ect rons  at an i nc iden t  enero :: of l~ O ke t’ .

13c extraco la t ion  of the  m e a s u r e d  e lec t ron  ranr es  in a i r  (7 1 - mire ‘-131

it is es t imated  that  the ranre drocs from 1-2 mg/cm~ at 150 keU

inc id ent  e n em y to 6 ma tcm at 50 keV . Assu min g  that ,  t h i s  ratio

also holds for metals , the foil thickness must be scaled Dy

in order to obtain an electron transmission of 8n p e r cen t  a t  t o

i.e.. the titanium foil thickness must cc 0.0001” .

D u r i n g  the course of this invest ir a tion  it was ob serr e I that

such extremely thin t i t a n i u m  fo~~~ were rarous to hel i ’snt  -as  - - ‘h i - t b

diffused from the active channel throu ch the foil itt-s the eleosi’os-

gun nienum and comprom ised the vacuum. As a result the S-run

developed arcs which punctured the foil.

However, 0.0003” foils were found to work excellently, even

at r ep e t i t i o n  rates of up to 100 on s .  Once the fo i l  was nr000r l : :

attached to the backing stru cture the vessel was operate-I one to

two hours cer day over several mon t h s  w i t h o u t  any  serious fo I Inc.-

are . IJri t’ortunatel:r , at a n-ax ! mum “safe ” el’c c tron— ’-un v o lt a  -c of

50 keV the transmission th ro’s Th a O.000~ ” foil wan pxtr ’cmclv s

and the tn ,Tected electron beam had only a marr i nab effect an ‘- c c

plasma .

- ‘— 1 
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Figure C-i . Electron Transmission in Titanium Foils and Air.
(Data from Energy Sciences Inc. ) - 
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A P P E I T F I X  D

DI SCHARGE - CURRE N T CAIICD TLA fli t if-

In a pure He-discharge the free electrons lose their kinetic

ener-yj ered -sm inan ol l -  by e l a s t i c  coll isions where the averacr e frac-

t i o n a l  loss is small. Ve ry few collisions are inelastic s in c e  the

lowest e x c i t a tio n  p o t e n t i a l  in He is 19.75 eV. Although in fr e qu e n t ,

ine las t ic  col l is ions  are crucial to the maintenance of the discharge

since some of them lead to the ionization of He atoms (at 5d~~ - eV)

to produce the charge carriers .

CW -discharges exhibit a voltage-current characteristic which

is determined by an equilibrium between ionization and re-c smbi: ati-on.

“C-cervolting” a discharge ; i.e., acplving an electric field in excess

of the equilibrium value leads to arc formatIon p r o v i d e d  the ras nrc:-

sure is above a certain minimum value . CW d i s cha rges  are t h e r e f o re

s t a b i li z e d  by a ballast  res i s tor  which e f f e c ti ve ly  l imi t :  t he  - :ol ta~-e

across  the d i sc h a rr e .  Without  the bal last  the i i s cha rr e  ma:.- col l a n se

in to  an arc shor t ing  out the glow d i sc h a r r e .  Arcs develop f rom b - -al

increases in gas t empera tu re  - usual ly  near the e l e c t r o d e s  - wh~~oh

leads to locally enhanced ion iza t ion  ge n e r a ting  more heat  and iont :a -

t ion u n t i l  a f i l amen ta ry  path of’ ver~- high cur -ren t  d e n s i ty  is es tar -

l i shed .  Where t h i s  f i l a m e n t a r y  cu r r en t  path meets  the c a t ho d e , t b - c

cathode su r face  is heated u n ti l  therm-ionic emis s ion  d n s c i : c a t e s  a n d  h ’~

cathode fa l l  is e l i m i n a t e d .  There are two ways to I - r e v er t  a rc  forma-

t i o n :  by empiov in ’ an exc i t a t i on  pulse  which  is s h o r t e r  t h a n  4 h e  ar~

fo r m a t io n  t im e  or by p r o v T d i n g  adequate  thermal  d i  f f u s on c - i  bi n t h e

gas arid the vessel envelope to n r e v t t the  f o r m a l - !  on of loca l  h a t

ro ots.

P-i



- - - - - -~~~~~~~~~~—----- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1

For the he re  described HF/He discharges , the capillary

geome try provided a short thermal conduction path; good tursu-

lent mixin g in the c an t l la r ,-~ was ensured o; f l ow i r i r  the gas

through the capillary . It is not clear however whether the dura-

t ion of the exc i t a t i on  pulse was less than the ar-c f o r m a tio n  t ime

which ma- .-- be rather short in such a narrow rat: d i s ch a rr e .  The gu n -

pression of arcs becomes particularly difficult when increasino

pressures, P, since the th ermal d i s s ipa t ion  in the cathode fall in-

creases with p3 (Reference 21).

The discharges in the capillary vessel discussed here re-

mained stable even when the pressure was turned up to atmospheric

values and the gaps overvolted to several times the break-down va lue .

The s t r ik ing  d i f f e r ence  between noble gas and molecular  d i : -

charges was observed when small amounts of HF or H0 were added to a

hel ium dis-char se  ~ 1asrna . A molecular por t ion of less than two ncr-

cent caused c u r r en t  reduct ions  of up to a f a c t - o r of In the  case

of HF, the e f f e c t  can in part  be accounted for  by e lec t ron  at t - anht t -~r i t

but for H2, inelastic collisions are responsible for the drastic

r e d u ct i o n  in d i sch ar ge  cu r ren t .  Due to the difference in mass the

fractional loss for elastic collisions with He is only S x 10~

H:1-d r - a r e n  molecules on the other hand exh ib i t  a great  n u n -h er  of

quan tum levels  t hr our hou t  the  ener  s p e c tr u m  of the f r ee  e l e -~ r r e -c s

n the n l asma . The f r a c t i o n a l  losses f ar  e l ec t rons  by t n e l a n t i - c

collisions with molecules are of’ course equal to the q u a n t um  ~ner ::

of the intera ctino molecular state; i.e.. th e .’ are bar-c . tense-

quentl:i , the electron ‘osses Increase wi th the  ad ! i_on cf  t h e  

~~~~~~~~~~~~~~~~~~~~~~ ----- - --~~ - -- - --- --~~~~ -- - - - -~~~~~~~~- - -- - --~~-- ~~ J



molecular species. For an estimated value of 20 torr (N =

electric drift field in positive column ) the loss f a c t o r  for  d i s -

charre electrons is K = 5 x 10~~ for He an-I ~~~~ 0.1 for H2 (R e :’-

erence 21). The effective loss factor for 1.0 percent H
2 in He

is thus = 1.2 
~
(. The primed values relate to  the H

2
-

dott ed discharge  whereas the unr rimed parameters  are associate-I

with the pure He-discharge .

The electron temperature in the plasma is related to the 4
value an d loss parameter K via the formula ( R e f e r en c e  21~ 

-

f~~~~~~~~~~~

X — T V - ~~-& (P - i )
e

where is the mean free path for electrons at 1 torr -ta: nressure .

With = 0.0k cm~~ at = 20 ~~~ torr~~ He (Reference 2l~ one ret:

from equation (fl-b) for a pure He -discharre 
~~~~ 

£ e1~ (i .e., ~

kT = 8 eV). For a 100:1 He/H2 mix the ele:tron temneratnre is

(according to D-l) reduced to T~ ~ 
re/i.l. Dcc i o n iz a t i on  rate

scales as
___ 

eV.I
e~~~ T

=

~~ ~~~~~~~ e~~~~i
k re

V 1 = -ionization potential

e = e l e m e n t a r y  charge  cons tan t

k Boltzmann ’ s constant

Inser ting V = 2~l- . 5 eV and the above p a r a t n o  I C r  va 1u~~s n t e  equa~ on

(f l -~~ ) y ie l d s  Z 0 . P ~ Z.

- -4



‘hI S r - -  is - 
~~

- . in c i i ar . r -- cart - ’ - -r °ner-ati -n is reflected

in a ie :r- t -  in -ii: :h a t - r - - c ur r - -~ -1t as i b l l ’ O t : ’t f- I n F i  u r c  P — l A

‘~-,-here  the  outc t i t of an i -  i u c o i v e  n i c k — u p  c _ r - c n i t  is d i so l ay e - i

ara l :S t t in-c . ( ~~e curse.: are cedra- ,-:n from oscilbograph traces. )

The current is m o n i t o r e d  at the :econdar: ~-:ircIinr of a torroidial

t rans fo rmer  whose n r im ar :  w i n - d i n g  cart-ic: the discharre current.

Traces N-s. I an -i 2 1st Fi :ure 9-lA correspond to a d i s - ch a rr e

in pure He and a 100:1 H e/H 2 mixture , respectivel::. The pu l s e

amplitude is proportional to the induced voltage :

V = aL12 di/dt (fl-I)

where 
~l2 

is the mutual i n d u c t a n c e  of the t r a n s f o r m e r , and an

a t tenua t ion  constant .

The traces in Figure  fl-lA have a large negative component

which  is assoc ia ted  wi th  the rap id current  bu i ld -up  upon thyr a t ron

irn ition. -The here displayed positive part of the pick-up voltare

anp r ox i m a t e s  the e x u o n ent i a l  decay  p r o f i l e  of an PC circui t  ( the

d r a i n i ng  of the d is c h a rr e  capac i to r s  through the n l a s m a) :

v= v0 e
_t/T

A c c o r d i n a  to equations ( f l - I )  and ( D - 4 )  the relation between peak

cur ren t , peak voltage and decay time constant for the traces in

F igu r e  D-bA relate as

V0 = aL1~ i /  (p_ c l

Note , that  the d i scha rge  c i r c u i t  for  the s i ng l e  pulse  i l so l i a r r e

(!‘iru re 0-13) is quite different f r o m  the double pulse circuit des—

c rtbed in :D~ e t en . 2. Beth t--sres of I i s  -h ar r e :  were en-n be-ce 1 , tI:-~

t o r n - c r  - en er all -
,‘ f~ r ! - re - HF i n t x t n  res , an d  the bat nor far ile IL~ HF

-az m i x e s .  

~~~~~~~~~ -~~--- - -—- --*-—~~~~-~~ -~~ - -----‘ - - - - - - ~~~~~~~~~~~~-
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3-: a calibration measurement it was d e ter r r C -c-c -d t ha t  (a . ) 
~~~~ 

)

1.0 ~~~~ From trace No. 1, Firu re 0-lA one reads the — sal ve s  V0 =

lS n-V and a = 0.8 isec which (according, to equation ::;--5) yields the

neak c u r r e n t  value of i~ = 0.63 a. For a to ta l  a n ode  su r f a c e  a rea
2 o

of’ = 0.5 cm , the current density then is = 1.06 a/ cm~~. A :

i mn c r t a s t t  cu r r en t  r educ ing  mechani sm is e lec t ron  a t t a c h m e n t  to

HF molecules .  This e f f e c t  has been studied previously (Reference

I ) .  It was f oun d  there  that  add i t i on  of 0. 15 to r r  HF cc a mix-

tu re  of 90 t o rr  He - 10 to r r  H2 reduced the cur ren t  by -~~25 p e r cen t .

The e f f e c t  is less pronounced in our case , bu t here the averare

electron e-ccrr : is much h igher  than in the r e f e r e n c e d  work , and

the a t t a c h m e n t  c r o s s - s e c t i o n  eor resc -ond inr ly  lower .  For the iie: HF

m i x  which  op t imizes  the HF f l u o r e s c e n c e  i n t e n s i t y  the d i s ch a r - -c

current density was 0.5 a/cm2 . The e l ec t ron  den s i t y  is ca lcu la t e-I

f r o m  the equation  ( Re f e r e n c e  21)

= 
‘~r (0- E l

—

e v
where v is the average random ve loc i ty  of the f ree  e l e c t r o ns :

8k Te

(m = electron mass), and is the current density associate- I -.-:Lth

the ran ~om e l e c t r o n  mot ion  which  is relate-I  to t h - - i n  f t

density J fl 
(Reference 21) as

—

i r / 0  - - - l( -  

_ --~~~~~~~~ _-———--- ~~~~--  —-
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where  ~~ , T. are  the  elec tr-c~ ar- I i-sn t e n - n — c a  cure s , r e s nec~c i — ’ e ly.

U s i s tr  the above e l e c t r o n  e n e rg y  of 8 ec/ (g O, ooo 2:~:~ -a- -I an ess n -a -cc

value F~ = l000°K one c a l c u l at e s  .i - ’
.H = ~.8 . Rcr = 0.5 a

i t  the n fo l lows  th a t . = ~~~. 9. Fro st e qu a t ion  ( :Th _~~~~ ) one fi - -is
0 1 , _

~ 
—

v =  1.5 x iO~ cm/se~ and fr -on -  eoc aciost (D-~~l :le’~~~l x lO°~

- - -
- 

- -



A P P R N P I X  P

i~ P-:I- :: l’~ y - : A Ci jA~~~2E:dpfR A 2 T ’ : - p 1:111 FLUt-RECCHNCE IP2F~HC OY

For o u t - i  - c i - ~~ - t I y  s h o r t  - I N s - c h a r - e nu l s e s  the ex c i t a t i o n  of HF

r~~~
1 e J,~~s no 1 vu u’~ ~~ c is at al ez~~~~a~~~o~

ore -coo and the  a c t i v a t i o n  is more  or less lim ited to the  f i r s t

v i  n : -c& t ional level . The i nt e n s i ty  liz  ‘c r i b u t  ion in -the F— and 9—

bra  the :  of t h e  -; = 1 --~~~~ C fluorescence li-ce : is o bot t e d  in Fir-

u re  P-i. Ou r in g  th i s  i nv e s t- 1 ra tio r~ the f l u o r e s c e n c e  r a — l i a t i o n  was

mea sured ‘-t i ch  an InSb p h c ct o d e te c t o r - am n l i f i e r .  90 d i s c r i min a t e

a r al os t  the r a d i an t  e m i s s i o n  of residual c- -a ce r  van or  (n e a ke d  at

2.~ 2 j m l  she HP fluorescence was observed in the  a-m rs of the 9-

h r a - ch u s in o  a -carro t -:  suec t ra l  f i l t e r .

Ohe - a t al  fluorescence radiation renerated in she n-laon-a

a-az equal tct

p = ~-r hv A (E - l~:l u o r e s c e n c e  1

= oouulatiost d e n si t y  fo r  H F ( l ’,

V = plasma volume = 0.08 cm1

hv = qu an tum e f f i c i e n c y  = :-: 10 20 w sec

-‘ . . 0 — lA = atnotein coetf:cient for the (v  = 1) level = 10 sec

This radietion is locally isotr-ouic , m o s t  of it roa chi cr

the two ends of the waveguide after one or scare r-:fl ections at

the wave mib de walls. ij oon e m e r - i n  t ram the waveru i - Ic  t h e  l i -h t

lea--es  the  vessel  on b o t h  s ides  th rouris  an o n e n i n r  in  the  e n c l o s i n g

teflon shell. Each o n e n in r  -ief nec a n u n - e r  cal anerture of = C. I~~
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If t h e  r e f l e c t i o n s  at t h e  c- :avegu i le a-all were total , half

of the fluorescence newer wocJ-i be r-aii ace: isotron call: at  e ~~
- ncr

w av e ru i d e  end .  The f r a c t i on  of th~- t o t a l  f lu or e s c en i s e  rc ~c-:e r l e a- s i r

thr ourh  one  of the two openinr: :  in  the  t n : ’lon c- -a l l  is cT-al to

-t

~~~~
= 

~~ 
= l. 9xlO ~~ (P- fl

The radiation cone a-as cen te red  about  the c- .’averu i Ic  ax i s  and

the inc luded  rays made small angles c- t i th  the  c - a t e  u t i le  a xi s ;  i .e ..
the eme tn in n  rays have u n d e r r o n e  few reflect ions In the -cave . u i  j e

w i th  modera t e  a t t e n u at i o n . An aver a re  loss of O.~~ is e s t i m a t e d .

The i n f r a r e d  lit-h o leaves the vesse l  thr- :u h a s a n rh i r e  Fre t -to ~er

d a t e,  is col l ima te -I  b~ an un coa te i l  ASfl . l en s  the-n t r an sr s i t ~~ed- - 

~~
_ i_ -

throu rh  a n arro - -:hand sp ec t ra l  f i l t e r  and a sacoh ire  lea -a r  a-i :5

an-1 f ocused  by a second  Asfl-2 lens o n t o  the In Ch  n h o t o d e t e e c m r .

The r e f l e c t i v e  loss fo r  i-he :ni -m-?s cer  p l at e  is 0.12 ( u n r o l a n i s e d

lirht). for the de c- a r- a-in lot-: 0.08 and for the lenses 0. ~t c a - i t .

The abov e  loss f a ct o r s  ac -un -u l a t e  to a t ot a l  boss of  0.~~~ ( 0 .2 ~

accumulated tra ccsmi os ion). Upon e-:aluatinr the snectral 0:eria:

f u n c t i -~ - : of the F- an-I P-br-ac- -h fluorescent- -s p r t L l e s  a n - i  the  OU- :’

ba il riltei r-~~~~ 1 a i l y  r r ~ n~ ui -l a~ er ect ~e u~u I £ a

of 0.02 is - -a Pc ula tc -i . Hultinl: :P- -he i~~ - o  t r a n sm i s s i on  v a l u e s

with tise -u-n- -
~~ :en in c-it- ~ion (1— 1 , ::ielIs that cult  one sar t .

L f l  1 ~ t 1 u t r ~~ a ion a~ i es at the ma l r i le

of L i t  c c — :  i len.: c - : hc r e  the n h — n t - h  I~- t i - t  ~r i s  l c u-a t e - l .
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Figure E-1. Spectral Characteristics of HF (1) Fluorscence and Receiver Filter
Ordinate - Relative Population in the Upper Level of A - and P-Transitions , and

Fractional Filter Transmission.
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Precise measurements of the focal spot an-i d e t e c t o r  h an-c t -or :

reveal-s-I that the foca l  sno t  -over f i lled  the ac t iv e  d e t e c t o r  area

su ch t ha t  o n ly  0 .2 of the focused enem y in -n i— -ed on the de t e ct -cr .

In su~m ar - , a f r a c t i o n  2 x 10
_ C  

of the total HF fluorescence rahia-

tb :: t-:as r e c eiv e d  by  the d e t e c t or .

Figure 7B yie lds  a reak receiver o u tnu t  value -of 25 n-V .

i : c ce  the overal l  receiver r e soen s iv i t  was 1 V, tj W , th i s  c u tou t

vol tare  corresponds to an i n t e r cep t ed  power  of 2 .5  x l0 W at the

d e t e c t o r  surface. Accordi tu- : to the above calculations the associated

2 x ~o
_8

t-°tal oeak fluorescence oower was - - - 
= 0.125 W w hich  in t u rn

2 x l O ~~ 16 2

c o rr e s o on d s  to an i-IF(l) population density of -i~ =2.2 10 cm -

a-~- ‘~~r d i : r  to equ a t i o n  (F - l ) .  Since the HF pa r t i a l  p r e s su r e  c-:a:

~ t a r n  ( :I ,~~-P 1 = l.~~~ 101 cm ’ ) the r e l a t i ve  ponulation de- :s Yg:

~0

~~ O . l5 (t -~~

( t O ! ’r i - t o- . n i t -  so a vibrational temperature of ~
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